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FORWORD
 
This is the final report (No. IITRI-C6221-9) on
 
contract NAS 9-11090, IITRI Project No. C6.221, and covers
 
the period June 29, 1970 through June 28, 1971. Mr. W. J.
 
Rippstein of NASA was the technical monitor of the program,
 
and Dr. W. K. Rudloff of IITRI was the project director.
 
In addition, Dr. R. G. Scholz, Mr. R. H. Boes and Misses
 
A. D. O'Donnell and A. A. Valaitis made significant contri­
butions to the study. Dr. E. Raisen was responsible for the
 
overall direction of the program.
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I. INTRODUCTION
 
Polymeric materials are used in many modern applications. 
Prominent among these are applications in cars, airplanes 
and spacecraft , though applications in everyday life 
(household goods, office appliances) are also on the increase.
 
Unfortunately, development of polymeric materials has often
 
neglected the research of toxicity aspects of pyrolytic products
 
in particular, in case of an accidental fire. Specifically,
 
the toxic effects of gases and vapors being released during
 
a fire are possibly enhanced, if astronauts are confined for
 
days, weeks or even months ina spacecraft and polymeric
 
materials are smoldering or burning after accidental ignition.
 
Pyrolysis of polymers and gas chromatography analysis
 
has usually been done in inert atmospheres to provide a
 
better understanding of their thermal degradation mechanisms.
 
However, very little attention has been focussed on oxidative
 
degradation at ambient and elevated temperatures.
 
In general, pyrolysis of polymers in inert atmospheres
 
is usually governed by radical processes wli6re random scisson
 
of the polymolecules may occur, leading to formation of
 
polymeric species of lower molecular weight and,monomers
 
"unzipping", and/or recombining to any other than the original
 
polymers (this may include solid carbon formation).
 
Oxidative pyrolysis, however, might proceed via a
 
different (also perhaps radical) mechanism which may lead to
 
partial or complete oxidation products. It then seems possible
 
that pyrolysis products in oxygen-containing atmospheres can­
vary between total to partial oxidation products to unoxidized
 
fragments of the polymers depending on the availability of
 
oxygen during the burning.
 
Aside from polymeric volatile fragments, thC-toxicity of
 
which might be unknown, the toxic nature of--many low
 
molecular thermal degradation and oxidation products such as
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HCN, C0, NO, NO2 etc., is well established. Even C025 the
 
final oxidation product which in low concentrations acts as
 
a breathing stimulant, is an asphyxiant if inhaled in excessive
 
amounts.
 
The objective of the program of the preceeding year was
 
to determine the thermal degradation profile of 25 selected
 
polymeric spacecraft materials in 100% oxygen at 14.7 psia and
 
5 psia pressure, as well as in a mixture of 50% oxygen with 
50% nitrogen at 5 psia. Also gas chromatography and mass 
spectrometry were to be used to obtain qualitative and 
quantitative analysis of volatile gases and vapors with respect 
to possible toxic oxidative degradation products. 
The 25 polymers were selected from five different groups:
 
halocarbons, thermoplastics without nitrogen, nitrogen-con­
taining thermoplastics, thermosetting compounds, and silicones.
 
This classification is convenient from the point of view of
 
comparison, but does not necessarily have significant bearing
 
on aspects of thermal stability or toxicity of possible pyrolytic
 
products. As will be discussed in Chapter IV, bond strength
 
and proximity of certain functional groups in the polymolecules
 
are probably a better criterion for classification, if toxicity
 
aspects and thermal stability are to be considered.
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II. EXPERIMENTAL 
A. Thermal Analysis 
For some preliminary studies differential thermal 
analysis (dta) combined with effluent gas analysis (ega) were
 
applied to study the degradation of a few representative
 
samples. However, for the bulk of materials thermogravimetric
 
(tga) and derivative thermogravimetric analysis (dtga) were
 
used, since the Stone-Cahn thermobalance could easily be
 
modified to permit experiments to be carried out in predetermined
 
gas mixtures and at lower pressures.
 
Figures 1 and 2 show our Stone-Cahn thermal analysis
 
equipment. The principles of thermal analysis are, in essence,
 
that a physical parameter of a system under investigation
 
is measured as a dynamic function of temperature. Specifi­
cally, in dta the temperature differential between the sample
 
and an inert reference is measured while the temperature of
 
both is increased at a constant heating rate. This is
 
conveniently done by placing the sample and reference
 
(usually ignited A12 03 ) on two thermocouples and the voltage
 
difference between the two thermocouples recorded as a
 
function of time which, of course, is proportional to the
 
temperature provided the heating rate is held constant.
 
Thus, in dta differences in energy content (heat of reaction,
 
phase changes) can be determined.
 
In tga and combined dtgathe physical parameter to be
 
measured is the weight change (weight loss and/or weight gain)
 
during physical (e.g. vaporization, adsorption, desorption)
 
and chemical (oxidation, decomposition) interactions.
 
Essentially all methods of thermal analysis can be
 
represented as thermal spectra where maxima or minima, curve
 
slopes and areas under the curve provide information on
 
physical and chemical parameters such as melting points,
 
boiling pointsheats-qf reaction, activation energies, and
 
thermal stabilities.
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Figure 1
 
Stone-Cahn thermal analysis equipment
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Figure 2 
Stone-Cahn thermal analysis equipment
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For the purpose of this program, thermal analysis was
 
used to establish the beginning and end of the oxidative
 
degradation reaction of the selected polymers under a given
 
set of conditions, in order to -properly'collect reaction
 
products from the pyrolizer -for gas chromatographic and mass
 
spectrometric analysis.
 
In a 	few representative samples dta/ega was used to
 
collect samples at different heating rates and to collect
 
the effluents at different stages of reaction for mass spectro­
metric analysis.
 
B. 	 Combined Gas Chromatographv and Mass Spectrometry
 
of Volatile Oxidation Products
 
For identification of the volatile reaction products, the
 
Hamilton multi-purpose sampling system and pyrolizer was
 
tested in combination with our Varian Aerograph Model 1860
 
gas chromatograph equipped with a dual thermal conductivity
 
detector.
 
The schematic in Figure 3 shows the pyrolizer unit
 
attached on-line to the chromatograph through the helfum
 
carrier gas line to injector port b. With the pyrolizer line
 
disconnected from b at point R, the oxygen purge gas flushes
 
the pyrolizer while the carrier gas flows in a closed loop
 
directly into injector b. After pyrolysis, the oxygen flow
 
is stopped, the unit connected to port b, -and the sample
 
flushed through the pyrolizer into~the gas chromatograph
 
with the carrier gas. From-port b, the sample can be directed
 
onto either-of two columns.
 
The pyrolysis chamber 's a Vycor tube which contains
 
three processing zones: a holding zone at room temperature,
 
a furnace zone operable up to 8000C, and an oven zone. 
At
 
the end of the oven zone the tube is connected to a heated
 
transfer line. The tube is 43cm in length with an i.d-. 
of­
2mm.
 
For pyrolysis under dynamic 02 conditions, a cold trap is
 
attached to the heated line to collect reaction products
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Figure 3: THE PYROLYZER-GC SYSTEM 
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evolved during pyrolysis. A mixture of liquid nitrogen and
 
2-methylbutane provides a cooling bath at -l55OC. At thi-s,
 
temperature, problems with oxygen condensation in the cold
 
trap are avoided. However, some low molecular weight volatiles
 
might also escape during sampling (e.g. CO liquifies at
 
-191.50c).
 
After the pyrolysis in the prescribed atmosphere is
 
completed, the carrier gas flow is switched through the
 
pyrolysis sampling system. The collected sample vapors are
 
rapidly injected into the chromatograph by applying a voltage
 
between points 0 and P in Figure 3 to heat up the trap-. The
 
temperature of the injector is monitored with a thermocouple
 
(S) silver-soldered to the sample trap.
 
The principle analytical column for the present polymer
 
degradation studies has been a 6 ft. by l/4P o.d. stainless
 
steel column of 50/80 mesh Poropak Q. It was the column of
 
choice because it can be applied to a wide range of sample
 
components. It will separate polar species quite well. It
 
will separate most light gases, and it is stable to 25000,
 
thus permitting temperature programming over a wide boiling
 
range of the effluents. At ambient temperatures, however,
 
it will not separate N2, 02 and CO. For this problem, a 41 by
 
1/41 o.d. stainless steel column of 5A moleculir sieve was
 
installed as the second column in the chromatograph.
 
'Calibrated retention times for a variety of species were
 
obtained by injections of standards. Retention data is used
 
to assess sample chromatograms, but for most species positive
 
identification was obtained from mass spectra. Calibrated
 
retention times on the Poropak Q and 5A molecular sieve
 
columns were obtained under the same conditions of temperature
 
programming as used for the sample analysis: isothermal at
 
500C for 8 min., temperature rise of 100C/min. to 2000C, then
 
isothermal at 2000C. The retention times obtained for standards
 
are presented in Table I.
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Table I 
RETENTION DATA ON STANDARD COMPOUNDS 
Temperature Program: 	 Isothermal at 500C for 8 min., tempera­
ture rise of 10C/min. to 2000C, iso­
thermal at 2000C.
 
Retention Time Retention Time
(min.) (min.)
 
Compound Poropak Q 5A Molecular Sieve
 
H2 	 0.6 0.4 
02 0.6 0.7
 
CH4 1.0
 
N2 0.6 1.3 
CO2 1.8 
N20 2.1 
NH3 	 3.1 
C2H 4 3.3 
CO 0.6 4.6 
H20 	 5.8
 
C3F8 	 6.7 
HCHO 	 9.7
 
SO2 15.4 
C3H8 G 15.5 
CH30H 16.4 
CH3NH 2 18.3 
CH 3CH 2OH 21.7 
HCOOH 22.0 
C4H10 22.1 
(odH3 ) 2 NH 22.6 
CH32CH2 CHO 23.8 
CH3COCH3 24.0 
CH 3CHOHCH3 24.6 
CH3NO 2 24.9 
CH3COOH '25.5 
CH 3 CH2 CHOH 26.2 
CH 3CH 2COOH 	 '30.5 
For the initial pyrolysis experiments on polymers, the
 
pyrolysis (furnace) temperature was set at 250 above the
 
experimentally defined temperature at completion of degradation,
 
as determined with the tga experiments. The polymer sample
 
was weighed into a sample boat fabricated from quartz capil­
lary tubing, 1.7 mm o.d. and 1.2 mm i.d. The ends of the
 
tube were sealed and a length of the wall ground off to provide
 
an open boat. The boat is placed in the pyrolyzer processing
 
tube and positioned in the holding zone, and the tube is
 
then purged with 0 The sample trap is cooled to temperature
 
and the sample boat is dropped into the furnace zone. The 02
 
flow, 60 cc/min, is continued 1 minute after completion of
 
reaction as indicated by visual observation. The duration of
 
the pyrolysis time is not critical because evolved products
 
are being trapped and are later injected as a plug. The 02
 
flow is then stopped, helium carrier gas is diverted through
 
the processing tube, and the sampling line is attached to
 
injector b of the chromatograph. When the system pressure
 
has equilibrated, the sample trap is rapidly heated with
 
applied voltage sufficient to heat it up to the desired tempera­
ture-to inject the sample.
 
It appeared from the multi-component chromatograms
 
initially obtained that it is more efficient to link the
 
pyrolysis-gas chromatograph apparatus directly to the mass
 
spectrometer for the identification of products, rather than
 
trapping peaks individually from the chromatograph for
 
subsequent mass spectrometric analysis. Using the initial
 
experimental system chromatograms were first obtained on
 
the pyrolysis products for all the polymers under the specified
 
conditions of 250 above the temperature of degradation, in
 
02 at atmospheric pressure. Then, these data served as
 
references for pyrolyses followed by coupled GC-mass spectro­
metric analysis.
 
The mass spectrometer in use on the program is the
 
Hitachi-Perkin-Elmer magnetic scanning Model RMU-6D. It is
 
equipped with a Watson-Biemann separator for interfacing the
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unit to a gas chromatograph. The separator selectively pumps
 
off the lighter helium carrier gas in reducing column
 
effluent pressure down to the operating pressure of the mass
 
.spectrometer. Thus, gas-chromatographically resolved sample
 
components can be directly introduced into the mass spectro­
meter as they are eluted at the detector exit flow. In
 
addition, the ion current monitor of the mass spectrometer
 
indicates the presence of sample peaks as they pass through
 
the ionization chamber. In effect, it produces a second
 
chromatrogram, and in comparison with a thermal conductivity
 
detector, it exhibits greater sensitivity.
 
With the known pyrograms as references, mass spectrp­
metric analysis of the degradation products was done. The
 
tandem Pyrolyzer-GC-MS system is assembled by attaching
 
the inlet line of the Biemann-Watson separator to the exit of
 
the GC thermal conductivity detector. Mass spectra are taken
 
as each peak of the pyrogram elutes. For the GC-MS experiments,
 
the 2 mm i.d. pyrolyzer-processing tube was replaced with a
 
4 mm i.d. tube to permit larger samples. An increased
 
product concentration was needed for some trace product
 
types that elute at long retention times and thus with broad
 
peak shapes. The broader the peak, the less the concentration
 
is maximized for MS analysis, and some of the spectra were
 
not intense enough for a positive identification. Some
 
oxygenates would fall into this category.
 
In an in-depth study of any one polymer a more suitable
 
column could be employed for a particular type of compound
 
to obtain sharp peak shapes, but for this survey study, the
 
Poropak Q column was chosen as most generally suitable
 
considering the variety of species to be analyzed. The
 
change in tube diameter does introduce a change in pyrolysis
 
conditions, but 'preliminaryresults indicate that it is not
 
a critical parameter. At most, some small relative concen­
trations changes were observed in the pyrograms.
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C. 	 Time-of-Flight Mass Srectrometry for Preliminary
 
Mechanistic Studies
 
A Bendix Time-of-Flight mass spectrometer was employed
 
to study various different aspects of oxidative polymer
 
degradation. In particular, attempts were made to investi­
gate the influence of heating rates on the overall volatile
 
reaction products. Also dta/ega effluent's were collected
 
at different stages in the thermogram and analized for the
 
reaction products.
 
The procedures were straightforward: a cold trap was
 
attached to the outlet of our dta/ega system and oxygen passed
 
over the sample through the trap, while it was heated at a
 
predetermined constant heating rate. At different points of
 
the- thermogram, traps were exchanged and subsequently
 
attached to the inlet of the mass spectrometer.
 
The trapped samples were bled through a Kel-F inlet into
 
the mass spectrometer close to the ion source by way of a
 
needle valve, and the mass spectra obtained.
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III. RESULTS
 
A. Thermal Analysis
 
The results of the thermogravimetric and derivative
 
thermogravimetric analyses are presented in Figures 4-8.
 
In these figures various polymers are represented in groups
 
corresponding to the five groups selected originally.
 
It is observed (Figure 4) that the halocarbons may
 
generally be divided into two groups: TFE/ML and Armalon
 
degrade in 100% oxygen at 14.7 psi in the temperature range
 
between 500 and 6000C. Mosites, Fluorel and Kynar, on the
 
other hand, are thermally less stable and oxidize between
 
400 and 5000C. TFE/ML exhibits a second smaller peak at
 
about 570C.
 
In Figure 5 the oxidative thermal degradation of non­
nitrogen containing thermoplastics is represented in 100%
 
oxygen at 14.7 psi pressure. Delrin decomposes at fairly low
 
temperatures (s.%3000C), while Mylar and Polyester degrade
 
around 37 5-47 5°C in two well-defined steps. Thermally much
 
more stable is Lexan which looses weight beyond 475 °C, again
 
in several steps.
 
In Figure 6 the oxidative thermal degradation of nitrogen­
containing thermoplastics in 100% oxygen at 14.7 psi are
 
compared. F-202, a polyurethane, degrades apparently in two
 
steps between 200 and 3000C. Eccofoam, a potting foam
 
based also on polyurethane, degrades at slightly higher
 
temperatures. Several peaks are observed over a wide
 
temperature range (tj250-5000C). Zytel, a polyamide, nylon­
type molding and extrusion resin, degrades at an.intermediate
 
temperature range in two sharp steps (t/400-45 0C).
 
Polybenzimidazole (PBI), Kapton, and Polyimide (PI-2501)
 
oxidize in the ranges 450-500, 450-600, and 5500C, respectively.
 
Again degradation occurs in steps.
 
Oxidation of thermosetting compounds in 100% oxygen at
 
14.7psi pressure (Figure 7)takes place in two distinct steps.
 
13
 
101! 
0 20 :1 
"h 30 
50 '­
/ I 
U) 
S4 
+ - + - Armalon 
o oFluorel 2 
oo 
~Kynar 
4I 
40 
1.0 
?n .M.q, n.-. 0 
50 
1 4 iO 
* MoItes II 
i000 00 40 50 0 
-epeatreWo 
Figre KynXIAr IETEMLDGAATQ 
SELECTED HMLOCEBBONINi0OXGNA 
147ps(OMNL ET4RAE20CMI. 
0 
tad~)O 
t'emne-raf-urp- 0 C 
100 200 300 400 500' 600 
0­
.10 
to II 
Uo 20 + 
4j + 
30 4 
C) I 
40 
50 4 
Mylar 
Polyester 
Lexan 
o 
-­ 4- Delrin 
4 
5.!1 
LI 
-H- Ii 
>Lc 
Tmeatr 
Figure :OXIDATIVE THERMAL DEGRADATION (tga/dtga) OF.
 
;ELECTIVE NON-NITROGEN.THERMOPLASTICS IN
 
:00%'°OXYdEN AT 14-.7 psi (NOMINAL BEATING.
 
ATE Z0°C/rain, )
 
15
 
Temperature OC
 
100 200 300 400 500 600 700
 
I I I I 	 II 
o 
10b 
00
 
0, 

p C--
bo 
- H-I 
i 
30 	 1 1 
t 
50
 
- --- Zytel 4 
FBI 	 ' 
4-----F-20P 	 i 
....... Kapton 	 il
 
.
 PI-2501
 
-- Eccofoa
 
,.it 
,r-II 
-H *H 
I 
+0v 
100 200 00 0 70
 
Temperature C
 
Figure 6 	 OXIDATIVE THERMAL DEGRADATION (tga/dtga) 
OF NITROGEN-CONTAINING THERMOPLASTICS IN 
100%. OXYGEN AT 14.7 psi (NOMINAL HEATING 
RATE 200/MIN) 
L6 
------ 
Temperature 'C 
100 
S I 
200I 300I 400I 500 600II 700 
0 
10 
bD 20 
0 30 
4-, 
50 
.........
 
+-*-
02 

0
 H 

.

-P -d 
" 

44. 
Q) 
100 

Figure 7: 

..
........
1....... .......... 

Stycast 2651 Cat. 11 
Stycast 2850 Cat. 11 
Stycast 2651 Cat. 9 
Diall t 
m 
Durafilm
 
i
I~I I 
0 
200 300 1+00 500 600 700
 
OXIDATIVE THERMAL DEGRADATION (tga/dtga) 
OF THLERMOSETTING COMPOUNDS IN 100% RXYGEN 
AT 19.7 Psi(N0MNALI HEATING RATE 20 /141N) 
17
 
Durafilm,a dielectric enamel, looses weight over a rather,
 
large temperature range (n-300-55OC) and is the only
 
thermosetting compound whose peaks seem to be trailing
 
The other compoLuds namely Diall a plastic molding compound
 
on a Diallylphathallate Base and the three different Stycasts
 
which are epoxy resins,all exhibit their first smaller peak
 
between 350 and 400 0C, and their second peak between 450 and
 
4750C. Diall as well as the Stycast thermosetting compounds
 
leave relatively large residues.
 
Oxidation of silicone compounds in 100% oxygen at 14.7psi
 
exhibits one sharp peak wit some trailing. DC-33 grease
 
0degrades around 3800C whiTe the other compounds,namely
 
1
DC93-072 RTV, RTV-!08, SE-45 1U, RTV-560/T-12,degrade between
 
temperatures of 450 and 5250C. All of these compounds are
 
thermally relatively stable and leave fairly large residues
 
(Figure 8).
 
Thermal degradation in three different atmosphere-pressure
 
combinations (100% oxygen at 14.7psi and 5psi, mixture of
 
50% 02 and 50% N2 at 5psi) are presented in Figures 9-18.
 
Two more distinct samples from each of the five groups
 
were chosen.
 
It is observed (Figure 9) that Armalon looses weight in
 
one apparent sharp loss, when 100% oxygen is present at high
 
pressure. At 5 psi 100% oxygen and in the oxygen-nitrogen
 
mixture the derivative weight loss curve separates into two
 
distinct peaks (or shoulder plus peak), and the degradation
 
temperature shifts to higher temperatures.
 
Mosites (Figure 10) also experiences a well-defined
 
peak separation at lower oxygen availability. However, the
 
initial thermal degradation follows approximately the same
 
curve. Only'at higher temperatures do the tga and dtga curves
 
deviate significantly from each other and separation into two
 
peaks occurs.
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In case of Delrin (Figure 11) a separation into peaks is
 
not obvious. The peak broadens, however, and shifts very
 
little to higher temperature.
 
Oxidative degradation of Mylar (Figure 12) appears to be 
very much influenced by the atmospheric conditions. At 14.7 
psi of 100% oxygen three peaks are apparent of which the last 
one is very pronounced. At 5 psi 1QO% oxygen all three peaks 
shift to higher temperatures, and the first two peaks coalesce 
more and more. This is particularly true in the oxygen-nitroger 
mixture at 5 psi. Most affected by the partial oxygen pressure 
is apparently the high temperature peak. 
Eccofoam (Figure 13) degrades in various steps; the
 
first steps are roughly comparable regardless of atmospheric
 
conditions. At higher temperature, however, the steps in a
 
low partial pressure of oxygen differ from that in 100%
 
oxygen at 14,7 psi.
 
Zytel (Figure 14) shows two distinct peaks at high
 
oxygen pressure which broaden at lower partial pressure of
 
oxygen. Again the high temperature peak is shifted towards
 
higher temperatures.
 
The influence of atmospheric conditions on Stycast"
 
degradation as reflected in Figure 15 indicates that degrada­
tion in 100% oxygen occurs at higher temperature than at lower
 
partial 02 pressure.
 
Durafilm curves (Figure 16) exhibit similarity at the
 
low temperature peak, while the peak between 500 and 7000C
 
broadens and shifts to higher temperatures in an oxygen
 
depleted atmosphere.
 
The Silicone compounds appear to be independent of oxygen
 
availability at low temperature, but show. significantly more
 
weight,loss at higher temperatures, if the experiments are
 
done at lower pressures (Figures 17 and 18).
 
In Table II the initial and final degradation temperatures
 
of all 25 samples are compared as a function of oxygen
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TABLE II
 
Initial and Final Temperatures of Weight Loss During TGA
 
Material Category 100% 02-14.7psi 
Bezin End 
100% 02-5psi 
Begin End 
(50% 02-50% N2 ):5psi 
Begin End 
1. Armalon Halocarbons 500 520 500 560 500 560 
2. Kynar 
Fluorel (Darling) 
TFE/ML
5. Mosites 
" 
i 
I 
" 
280 
250 
500 
345 
571 
470 
600 
475 
325 
260 
500 
350 
620 
490 
645 
525 
350 
285 
505 
325 
650 
550 
652 
772 
6. Delrin Thermoplastics 267 347 273 355 270 360 
7. Mylar film 
8. Lexan 
9. Polyester 4588 
(Non-Nitrogen) 
,, 
It425 
" 
283 
300 
475 
595 
468 
330 
L4 
235 
630 
755 
585 
60 
425 
260 
755 
incompl. 
650 
10. PI-2501 Thermoplastics 525 583 400 647 450 670 
11. Eccofoam Cat.12/18 
12. Kapton H-Film 
13. F-202 
14. Polybenzimidazole 
(Nitrogen) 
" 
" 
200 
440 
190 
450 
603 
618 
271 
501 
120 
430 
217 
505 
635 
755 
600 
732 
150 
430 
220 
510 
626 
660 
650 
incompl. 
15. Zytel It 330 573 300 635 340 750 
16. Stycast 2651/cat.l1 
17. Stycast 2850/cat.l1 
Thermosetting 260 
240 
468 
460 
280 
200 
550 
573' 
250 
240 
607 
600 
18. Stycast 2651/cat. 9 
19. Diall 
20. Durafilm 
320 
175 
140 
440 
443 
515 
300 
160 
180 
438 
550 
660 
300 
155 
173 
480 
580 
incompl. 
21. DC-33 Grease Silicones 180 388 180 485 220 520 
2?. RTV-108 200 60 130 580 215 565 
23. SE-4511U 230 507 250 605 200 590 
24. DC-93-072 RTV 
25. RTV-560/T-12 
275 
155 
475 
655 
265 
200 
-
600 
243 
225 
652 
585 
partial pressure. In some cases, e.g. Zytel, PBI, Lexan and
 
Durafilmthe effect on the degradation temperature is very
 
pronounced, while in others, for example, Delrinit is almost
 
non-existent.
 
B. 	 Combined Gas Chromatography 
- Mass Spectrometry
 
For preliminary work all 25 samples were oxidized in a
 
Hamilton pyrolizer as described in Chapter III and their
 
gas chromatograms obtained after the degradation temperature
 
limits-were obtained from thermal analysis. Eventually, all
 
samples underwent combined pyrolysis - gas chromatography 
­
mass spectrometry analysis, and the results are presented in 
Tables III - XXVII.
 
C. 	 Preliminary Time-of-Flight Mass Spectrometry to Study

the Influence of Heating Rates on the Mass Numbers of
 
Released Reaction Products
 
In Table XXVIII the mass numbers of overall volatile oxidation
 
products are compared as a function of different heating
 
rates. No significant difference is apparent in TFE/ML.
 
D. 	 TOF Mass Spectrometric Analysis of Oxidation Products
 
Taken it Two Different Stages'in the Pyrolysis of
 
Polyester Film
 
In Table XXIX relative mass numbers and intensities of
 
the volatile products of polyester film are listed after the
 
products were collected during thermal analysis in two stages.
 
A distinct difference is apparent. In particular, higher
 
mass numbers seem to be absent at the lower collection
 
temperature.
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T.Abijjt 111. 
Armalon
 
Pyrolysis: 5451C for 3 min. under 60 ml/min 02 flow
 
Residue: 43% + 2%
 
Peak Retention Time Average Peak Area
 
Poropak Q, min as % Sample Wt. Mass Spectral Identification
 
1.3 	 i- 0.1 CF4
 
1.7 	 13 F2 (seen as SiF 4)
 
2.1 	 48 CO 2 and COP 2
 
3.7 	 0.4
 
4.8 	 A-' 0.02
 
8.0 	 0-0.1 H20 and C2F4
 
13.2 0.04 	 C2F6
 
15.0 
 0.01
 
16.5 0.4 	 Octafluorocyclobutan
 
17.3 0.05 	 C3F6 and decafluorocyclopcntane
 
18.6 0.05 	 CF 30C2F5 and C4FI0
 
19.9 0.05 	 CF 3CF20C2F5
 
21.5 0.2 	 Probably C2F60
 
24.0 	 a 0.006 Probably C3F70C 2F5 and C5F12
 
26.0 0.05 	 no positive identification,
 
29.5 	 0.03 probably perfluoroethcrs or
 
mixtures of a perfluorohydro­
carbon and a perfluoroether
 
TABLE IV
 
Kynar 
Pyrolysis: 595-80 C for 3 min under 60 ml/min 02 flow 
Residue: hone
 
Peak Retention Time Average Peak Area
 
Poropak Q, min as % Sample Wt.
 
1.7j unresolved 68 % total area, estimate
 
2% F (seen as SiF 4 )
 2.0] 
 66% C8 2 and COF2
 
4.0 	 0.1 C2F2H2
 
5.1 	 1.1 C 2FH3
 
8.4 	 3 H 20 )This is an unresolved grouping
 
9.3 	 0.7 HF and assignment of species to
 
specific peak concentrations is
9.9 21 CF 4 	 indefinite.
 
14.0 	 0.03 C2 F 4
 
15-16 <0.1 C3F 3H 	(with propylene and SO2 )
 
18.6 	 0.2 C3F4
 2 
20.2 	 0.2 C3F3H3
 
21.3 	 0.25 C4F6H2
 
22.9 	 0.25 C4F4H 4 and probably C3F5H
 
24.5 	 0.1
 
27.5 	 0.3 C5F4
 4 
29.5 	 0.2 C5 F 5 H5
 
32.5 	 0.4 CpH
 
36.3 	 0.3 C3F 6
 
42.0 	 -'0.1 C4F8
 
42.8 	 "-0.1 C4 F 7 H
 
51.5 	 a'0.1 C-F 5H3 and 0 7 F 4 H4
 
69.5 	 --/0.05 C5F6H2
 
TABLE V
 
Fluorel (Darling)
 
Pyrolysis: 4950C for 5 min under 60cc/min 02flow
 
Residue: <0.3% sample weight
 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification
 
1.9 	 9 'F2" (seen as SiF 4)
 
2.2 	 100 C02 major, with COF 2
 
4.9 	 0.1 1,1-difluoroethene
 
7.9 	 0.1 H20
 
8.6 	 0.2 C2F3 H
 
9.1 	 2+ H20, HF, and C2F51H
 
13.7 	 0.01
 
15.3 0.01 	 3F3H
 
16.5 	 0.4 C3F H and C3F4H2
 3F5H
W 18.7 	 0.04 
0.1 	 C F7H
20.0 

plus 2nd minor component
21.3 	 0.1 C3F3H3 

22.1 	 0.04 C4F 6H2 major, with C49H and CF9H
 
0.05 	 C5F7H
23.5 

O.04 	 CTF8H2
24.7 

27.3 	 0.09 CFeH major with C F8H1
 
5 91 major, 098114
 
32.8 	 0.1 C7F12H2
 
34.0 	 0.1 C4o 10 major, with 2nd component (possible.C6F8 H2)
 
0.1 	 C5F12 and C7F9H3
36.8 

39.7 	 0.06 CF IoH
 
TABLE VI
 
TFE/HL
 
Pyrolysis: 6251C for 3 min under 60 ml/min 02 flow
 
Residue: none
 
Peak Retention Time Average Peak Area
 
Poropak Q, min as % Sample Wt. Mass Spectral Identification
 
1.6 	 13(max 22) Y2(seen as SiF 4 )
 
1.9 	 57(max 64) CO2 and COF2
 
3.8 	 n 2 C2F 6 
5.0 	 1.0 C2F 4 
8.7 	 2.5 H20
 
13.1 ,0.8 	 C3F 6
 
15.2 0.1 	 Octafluorocyclobutane and SO2 
16.4 	 0.2 Possible C2F 5 substituted Octafluoro­
cyclobutane
 
18.3 A-/ 0.1 	 C4F8 
21.2 A 0.1 	 C5F , CF. C4F8., and hexafluoro­eyc~obuie~e
 
25.2 	 t' 0.1 A perfluoroether and a perfluoro­
hydrocarbon 
TABLE VII
 
Mosites, 
Pyrolysis: 500 0 C for 5 min under 60 ml/min 02 flow
 
Residue: none visible or weighable
 
Peak Retention Time Average Peak Area 
Poropak Q, min as % Sample Wt. Mass Spectral Identification 
1.65 7 F2 (seen as SiF4 )
 
2.05 72 CO 2 and COF2
 
>2.9 1 CHF 3
 
4.6 0.9 C2F 4
 
8.0 0-1
 
8.5 / 0.6 H 20, HF, and C2F4H2
 
9.4 16
 
13.6 0.1 C3 F 5H
 
15.6 0.2 C2H6 and C3F3H
 
16.7 0.4 C3F5H
 
18.7 0.05 C3F6
 
19.8 0.03 C4 F7H
 
20.6 0.01­
21.4 0.05 C4 F 6 H2
 
22.3 0.1 C4F7H
 
23.4 0.2 C 5F7H
 
24.7 0.1 C5FH (isomer)
 
26.1 0.05 C5 F 5 H3
 
27.7 0.07 C6 F8 H2 and another C5F7H
 
29.1 0.08 possibly another C6F8H 2
 
32.6 0.16 C6 F 7H3
 
36.3 0.2 C7F9H3 '
 
39.5 0.1 C8 F10 H 2
 
TABLE VIII
 
Delrin
 
Pyrolysis: 3750C for 3 min under 60cc/min 02 flow
 
Residue: none
 
Retention Time 
 % 
 Mass Spectral Identification
 
min. Sample Wt. (nartial)
 
0.9-1.1 
 2 CO
 
2.3 
 6 CO2
 
3.0 
" 0.3 Possibly acetylene 
7.5 1-2 H20
 
11.5 48 Formaldehyde
 
15.5 
 'v 0.05 Chloromethane 
16.2 
 ' 0.05 
- Unidentified
 
18.3 

20.0 
2 Methanol and dimethylether

0.1 
 Acetaldehyde
 
22.1 0.5 Methylformate
 
23.0 
 0.8 Ethanol
 
23.7 1 

- Unidentified
 
25.0 0.03 Acrolein and 2nd component
 
25.5 
 0.02 Acetone
 
27.3 
 0.3 Dimethoxymethane
 
29.8 
 0.01
 
32.3 0.6 2-Methoxyethanol and Ethyleneglycol
 
36.1 
 0.02 Trioxane
 
37.5 
 0.5 Glycolaldehyde
 
43.3 
 0.02 Diethyleneglycol
 
44.1 
 0.5 
- Unidentified
 
56.3 
 0.1 Possibly ethyleneglycol monoformate and styrene
 
TABLE IX
 
Mylar 
Pyrolysis:5000 C for 3 min under 60cc/min 02 flow 
Residue: none 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification
 
2.1 
 49 C02 
2.9 1 Acetylene
 
3.7 o.6 probably Ethylene 
7.6 15 
 HO
 
12.6 0.2 Formaldehyde
 
15.8 0.03 Propene
 
19.8 2 
 Acetaldehyde
 
24.7 
 0. Acrolein and Furan
 
t.) 
TABLE X
 
Lexan
 
Pyrolysis: 6201C for 3 min under 60 cc/min 02 flow
 
Residue: none
 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification
 
2.2 	 92 CO2
 
3.2 	 - Acetylene
 
7.9 	 14 H20
 
14.0 0.3 	 Propene
 
16.5 0.03 	 Propyne and/or propadiene
 
17.1 0.01 	 Methanol
 
o 18.3 	 0.3 Acetaldehyde ( possibly ethylene oxide) 
20.4 	 0.2 Butene or isobutene, butyne or butadiene,
 
l-butene-3-yne, and propenenitrile
 
22.6 0.1 	 Acrolein
 
23.0 0.1 	 Acetone
 
25.4 0.3 	 Cyclopentadiene
 
28.4 	 0.1
 
38.0 0.5 	 Benzene
 
TABLE XI
Polyester Film 

Pyrolysis: 495-500°C for 3 min under 60cc/min 02 flow
 
Retention Time 

min. 

0.8 

1.9 

3.4 
6.1 

13.3 

14.0 

14.5 

17.6 

19.1 

21.0 

21.5 

23.1 

23.7 

26.5 

31.5 

34.1 

36.0 

38.2 

Residue: 

% 

Samnle Wt.
 
-'1 

29-42 

0.2 

4 
0.05 

0.05 

0.06 

0.02 

0.9 

0.02 

0.01 

0.02 

0.05 

0.03
 
0.005 

0.07 

0.02 

0.03 

"'13-24% sample weight
 
Mass Spectral Identification
 
NO
 
C02
 
Acetylene
 
H120
 
Formaldehyde
 
HCN
 
Propene
 
Methanol
 
Acetaldehyde (and Ethylene oxidE)
 
1,3-Butadiene
 
Isobutene
 
Ethanenitrile
 
Furan, Acrolein, and Acetone
 
possibly Dihydrofuran
 
Benzene
 
Toluene
 
Methylmethacrylate
 
TABLE XII
 
PI-2501
 
Pyrolysis: 608-100C for 3 min under 60cc/min 02 flow
 
Residue: 78% 1
i% sample weight
 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification
 
0.9 0.3 NO
 
2.0 17 C02
 
3.0 0.01 Probably N20
 6.8 2 H20
 
13; 0 0.05 Cyanogen
 
14.5 - 1-5 HCN 
20.0 0.1
 
23.6 0.02 possible Olefin
 
-r­
TABLE XIII
 
Eccofoam FP Cat. 12-18
 
Retention Time 

min. 

1.1 

2.3 

4.4-

8.4 

14.0 

15.7 

16.7 

20.4 

23.0 
24.3 
25.3 
26.7 
28.o 
29.3 
32.0 

35.5 

38.5 
Pyrolysis: 627-300C for 3 min under 60cc/min 02 flow
 
Residue: note
 
%
 
Sample Wt. Mass Spectral Identification
 
1
 
53 	 No useful mass spectral data was obtained
 
0.6 	 after several attempts. Upon pyrolysis,
 
15 	 the sample produces a significant amount 
of material which is volatile at the
 
0.07 	 temperature of degradation (6300C) but
 
2.0 	 condenses above 2500C. Thus, the
 
residue condensed in the heated line
 
0.7 	 leading from the processing tube and
 
1.2 	 and usually plugged the line.
 
0.8 
0.3 
0.5 
0.3 
o.4
 
0.2 
0.1
 
0.4 
0.5 
0.2
 
Kapton H-Film 

Retention Time 

min. 

0.9 

1.7 

1.9 

7.5 

8.0 

8.5 
13.3 

15. 0 

16.7 

17.9 

19.1 

20.4 
21.2 

22.0 

22.5 

23.7 

25.0 

26.5 

28.5" 

36.0 

TABLE XIV
 
Pyrolysis: 645°C for 3 min under 60cc/min 02 flow
 
Residue: none 
% 
Sample Wt. Mass Spectral Identification 
0.5-1.5 NO 
1-5 
i0015 co2 
0-4 
1-5 unresolved, H20 only identified component 
4-12 
0.05" 
0.7 HON 
0.05" so2 
0.1 
0.08 
0.3 
0.1 
0.02 
0.02 
0.04 
0.05 
0.01 
' 0.01 
0.01 
F-202 TABLE XV
 
Pyrolysis: 2950C for 3 min under 60cc/min 02 flow
 
Retention Time 

min. 

0.9-1.1 

2.2 

3.8 

4.8 

7.5 
12.9 

14.9 

15.8 

17.8 

19.7 

21.5 

22.0 

22.5 

23.0 

24.2 

25.4 

26.7 

30.2 

33.6 

39.8 

47.0 

54.0 
67.5 

74 
Residue: 

%
 
Samnle Wt. 

a 1-2 

11 

"J 0.5 

N 0.2 

8 
0.6 

0.03
 
0.1 

0.3 

2.5 

0.001 

0.008 

0.005 

0.01 

" 0.1 
1.5 

3.4 

" 0.1 
r'J 0.1 

0.6 

0.3 

0.4
 
0.8 

0.1
 
estimated at-u12% sample weight
 
Mass Spectral Identification
 
NO
 
C02
 
Acetylene
 
Ethylene
 
H20 
Formaldehyde
 
Propene
 
Methanol
 
Acetaldehyde
 
Methylformate
 
Isobutene
 
Ethanol
 
Ethanenitrile
 
Acrolein
 
Acetone
 
Acetic acid
 
mixture: methylvinylketone, methylethylketone.and
 
possibly a C5 olefin.
 
unidentified
 
CH2OHCH2 CH2 0 CH3 possible species
 
isomer of above or CH3COCH2CH2CH3 possible species
 
2,3-Butanedione
 
Polybenzimidazole powder
 
Retention Time 

min. 

o.8 

2.0 

6.5 
12.5 

14.5 

19.5 

23.1 
Residue: 

%
 
Samnle Wt. 

3 

170-210 

23 

0.04 

41HON
 
0.3
 
0.06
 
TABLE XVI
 
Pyrolysis: 5300C for 5 min under 60cc/min 02 flow 
estimate - 15% sample weight
 
Mass Spectral Identification
 
NO
 
co2
 
H20
 
Cyanogen
 
TABLE XVII
 
Zytel
 
Pyrolysis: 595-600°C for 3 min under 60cc/min 02 flow
 
Residue: none
 
Retention Time %
 
min. Samnle Wt. Mass Spectral Identification,
 
0.85 3-6 NO
 
1.9 18-23 CO2
 
3.6 n. 0.5 Acetylene
 
6.5 9-13 H20
 
12.8 u 0.001 Cyanogen
 
14.1 1.6 HCN
 
14.9 0.1 Propene
 
17.0 0.06 Propyne and/or propadiene
 
19.1 0.4 Acetaldehyde
 
19.6 0.03 C6 diene or alkyne
 
21.6 0.6 1,3-butadiene and isobutene
 
22.9 0.3 Ethanebitrile
 
23.8 0.2 Acetone
 
24.9 0.3 Propenenitrile and a pentadiene
 
26.0 0.24 1-Pentene and cyclopentadiene
 
27.2 0.05 3-Butenenitrile
 
30.5 0.05 Hexene and a C6 alkyne, diene, or cyclo-olefin
 
31.6 0.6' Benzene
 
38.3 0.17 Pyridine
 
45.0 0.8 Cyclopentanone
 
018.6 
TABLE XVIII
 
Stycast 2651 Oat. ll
 Pyrolysis: 4950C for 5 min under 60cc/min 02 flow
 
Residue: 41% ± 3% sample weight
 
Retention Time %
 
min. Sample Wt. Mass Snectral Identification
 
1.0-1.4 -0.1-O.5 nO
 
2.3 26 CO2
 
3-5 <0.01 Probably C2A and C2 H4
 
7.7 9 H20
 
12.5 0.1 Formaldehyde
 
15.8 0.4 HCN
 
16.7 <0.01 Probably propene
 
17.6 0.07 CH3Cl
 
0.03 Methanol
 
20.5 0.6 Acetaldehyde and/or ethylene oxide
 
23.2 0.01 Isobutene
 
24.5 0.05 Ethanenitrile
 
25.5 0.05 Acrolein
 
26.1 0.2 Acetone
 
28.4 0.25 Propenol
 
30.4 0.01 Methylethylketone
 
35.7 0.02 Benzene
 
52 0.02 Toluene and Methylisobutylketone
 
TABLE XIX
 
Stycast 2850 Cat. 11
 Pyrolysis: 4850 for 5 min under 60cc/min 02 flow
 
Residue: 60% ± 2% sample weight
 
Retention Time %
 
min. Sample Wt. Mass Snectral Identification
 
0.9 - 0.5 NO
 
2.2 18 C02
 
7.4 8 H20
 
15.2 0.5 ICN
 
16.0 0.03 Propene
 
17.3 0.03 OH3C
 
18.2 0.01 Methanol
 
19.7 0.3 Ethylene oxide
 
22.0 0.004 C7H
7 12
\0 
23.3 0.15 Ethanenitrile
 
24.3 0.03 Acrolein and acetone
 
25.5 0.05
 
27.9 0.05 Methylethylketone
 
31.7 0.03 Butanol
 
37.0 0.03 probably benzene
 
TABLE XX
 
Stycast 2651 Cat. 9 Pyrolysis: 465-68°C for 5 min under 60cc/min 02 flow
 
Residue: estimated at r 30% sample weight 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification
 
0.9-1.1 -. 0.1-1 NO
 
2.1 36 CO2
 
3.5 - 0.01-0.1 Acetylene
 
7.3 7 H20
 
15.0 0.07 HCN
 
15.9 0.06 Propene
 
16.9 0.01 CH301 and Cyanogen
 
17.8 0.05 Methanol
 
20.2 0.8 Acetaldehyde and/or ethylene oxide
 
21.6 
 j 07 12 
22.9 0.01 Isobutene
 
23.3 6.01 A-Methylpentane
 
23.8 0.07 Ethanenitrile
 
24.7 0.03 Acrolein
 
25.2 0.15 Acetone
 
26.2 0.01 Propenenitrile
 
27.4 0.15
 
31.0 0.03 Methylethylketone plus methylbutene
 
34.0 0.01
 
36.5 0.05 1-butanol
 
41.0 0.02 Pyrazine
 
43.2 0.04 Pyri'dine
 
47.9 0.03 - (N-containing)
 
61 - 0.05 2-methylpyrazine
 
TABLE XXI 
Diall 
Pyrolysis: 4701 for 5 min under 60cc/min 02 flow 
Residue: 55% + 1% sample weight 
Retention Time 
min. Sample Wt. Mass Spectral Identification 
2.6 13.4 CO2 
8.3 4.2 H20 
14.1 0.4 Formaldehyde 
16.6 0.03 Propene 
17.3 0.01 so2 and a hydrocarbon 
18.7 0.01 Methanol 
20.6 0.06 Acetaldehyde 
21.9 0.004 
23.0 0.07 Isobutene 
25.0 0.02 Acrolein 
25.8 0.05 Acetone 
27.5 
- 0.001 Pentadiene 
28.1 0.05 Allylaicohol and 1-Pentene 
31.6 A 0.001 C6 cyclicolefin or alkyne 
34.5 rUO.O01 C6 olefin 
38.3 0.06 Benzene 
TABLE XXII
 
Durafilm
 
Pyrolysis: 5400 for 3 min under 60cc/min 02 flow
 
Residue: None
 
Retention Time 	 %
 
min. Sample Wt. 	 Mass Spectral Identification
 
1.9 44 	 CO2
 
2.7 ^t 0.05 	 Acetylene
 
3.9 a-0.05 	 Ethylene
 
6.6 	 6:0 H20
 
Formaldehyde
12.5 	 C 0.01 

Cyanogen

-13.3 	 r0.01 

14.1 2.0 	 HCN
 
0.003 	 Propene
15.1 

15.6 0.002 	 sO2
 
16.0 0.002 	 Methylacetylene or Propadiene
 
0.02 	 Methanol
17.2 
W 19.8 0.25 Acetylene or -Ethylene oxide 
4.9 	 Isobutene
21.8 

0.34 	 Ethanenitrile
23.3 

0.003 	 Acrolein
24.3 

0.005 	 Acetone
24.5 

2.4 	 Propenenitrile
25.4 

0.007 	 Mixture:possibly methacrolein, 2-butenal,
26.6 
 C5 olefin
 
0.18 	 Isoprene and 1,2-Butadiene
27.8 

1.2 	 3-Butenenitrile
30.1 

0.005 	 C5 diene or alkyne
32.5 

3.3 	 I-Butanol
34.0 

39.5 0.05 	 Series of alkynes and/or dienes,
 
42.3 0.09 	 variously substituted
46.5 	 0.06
 
TABLE XXIII
 
DC-33 grease
 
medium consistency
 
Pyrolysis: 4150C for 3 min under 60cc/min 02 flow
 
Residue: <1% sample weight
 
Retention Time % Mass Spectral Identification
 
miri. Samule Wt. (nartial)
 
2.2 	 25 C02
 
3.8 	 0.1 probably Acetylene
 
5.3 	 - 0.01 Ethylene
 
7.6 	 15 H20
 
12.2 5 	 Formaldehyde
 
15.7 0.1 	 Propene
 
16.5 0.02 	 Propadiene with Propyne
 
17.8 0.2 	 Methanol
 
19.9 0.4 	 Acetaldehyde
 
21.4 0.2 	 (CH3)3 SiF
 
22.5 	 0.2 Isobutene
 
Acetone
25.2 	 0.4 

1-Pentene and 1,3-cyclopentadiene
27. 	 0.1 

30.7 	 0.2
 
33.9 	 0.07
 
Benzene
36.7 	 0.3 

TABLE XXlIV
 
RTV-08 Pyrolysis: 485C for 5 min under 60cc/min 02 flow
 
Residue: 40-50% sample weight
-
Retention Time %
 
min. 'Sample Wt. Mass Spectral Identification
 
0.8-1.0 
-0.5-2 CO
 
2.3 	 2-20 C02
 
3.5 	 <1 Acet3lene
 
4.0 	 <1 Ethylene
 
5.5 	 <1 Ethane
 
6.8 	 5-20 H2
 
12.0 	 4. Formaldehyde
 
15.0 	 0.03 HcN
 
15.8 	 0.01 Propene
 
16.5 	 "-0.01 CH3 Cl
 
17.5 	 0.05 Methanol and possibly SiF 4
 
19.2 	 0.06 Acetaldehyde
 
20.8 	 0.1 (CH3 ) 3 SiF
 
21.8 	 0.04 Isobutene
 
23.0 	 0.01 
-contains Si and N, probably aromatic and primary
 
amine
 
24.6 	 0.1
 
26.6 	 0.05
 
TABLE XXV 
SE 4511 U 
Pyrolysis: 5350C for 5 min under 60 cc/min 02 flow 
Residue: 66% + 1% sample weight 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification
 
1.95 61 CO2
 
3.6 0.01 Acetylene
 
7.3 29 H20
 
11.7 0.9 Formaldehyde
 
15.9 0.08 Propene
 
17.2 0.04 Propyne or propadiene 
01 18.2 0.1 Methanol
 
20.0 0.05 Acetaldehyde
 
21.5 0.05 Methylcyclopenteneone
 
22.6 0.04 1,3-Butadiene and l-butene-3-yne
 
25.4 0.04 Acetone
 
36.6 0.3 Benzene
 
TABLE XXVI
 
DC 93-072 RTV Pyrolysis:500°C for 5 min under 60cc/min 02 flow
 
Residue: 87% ± 2% sample weight
 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification.
 
- 2.1 5.9 CO2
 
3.8 0.01 Acetylene
 
6.3 5.0 H20 major, with (CH 3)3 Si0H
 
11.0 0.9 Formaldehyde
 
16.4 0.1 Propene
 
17.0 0.02 Methylacetylene or propadiene
 
17.6 0.07 Methanol
 
19.7 0.06 Ethylene oxide
 
21.5 0.01 (CH3)2 SiF2
 
22.3 0.03 1,3-butadiene
 
24.8 0.03 CH SiF major, with 2-methyl-l-butanol
3 327.1 -0.04 Si(CH3 4
 
31.0 0.1 (CH3 )3SiOH
 
35.4 0.12 Benzene
 
TABLE XXVII
 
RTV-560/T-12
 
Pyrolysis: 68000 for 5 min under 60cc/min 02 flow
 
Residue: 56% ± 2% sample weight
 
Retention Time %
 
min. Sample Wt. Mass Spectral Identification
 
1.1 0.02
 
2.0 (CO2) 25-40 co2
 
3.8 0.2 Acetylene
 
5.1 0.05 Ethylene
 
7.2 (H20) 15-20 H2O
 
12.2 0.2 Formaldehyde
 
15.8 0.08 Propene
 
16.3 0.01
 
17.1 <0.001
 
17.8 0;06 Methanol
 
19.8 0.04 Acetaldehyde or Ethylene oxide
 
21.3 0.05 Methylcyclopentenone
 
22.4 0.04 1,,3-Butadiene
 
23.6 <0.01
 
25.0 0.06
 
27.4 0.03
 
36.6 0.6 Benzene
 
TABLE XXVIII
 
Mass Number Mass Intensity Mass Intensity
 
Nominal Heating Rate Nominal Heating Rate
 
50 /min 20 0 /min 
14 18.1 l8.2 
16 18.7 18.8 
17 1.0 0.5 
18 21.1 21.7 
19 3.0 0.8
 
20 1l.8 4.3
 
21 2.1 0.8
 
22 4.9 1.8 
23 6.3 12.3 
28 24.0 24.1 
29 8.0 9.1
 
30 2.9 5.3 
31 7.2 9.8
 
32 21.5 24.6
 
33 1.5 3.8 
34 1.2 3.0 
40 3.6 11.0
 
43 1.2 2.5 
22.1 24.7
 
45 5.0. 13.0 
46 1.5 5.8 
47 20.1 21.8
 
50 3.7 5.7 
66 17.3 20.9
 
69 19.7 20.0

.82 
 1.0 
 6.0
 
86 18.0 20.4
 
119 15.7 16.6
 
131 0.7 1.1
 
Influence of heating rates on mass numbers and intensities for
 
TFE/ML. (Preliminary data, comparable pressures of 1.0 x 10-5)
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TABLE XXIX
 
Mass M4ss Mass Mass 
Number Inteigity Intensity Intensity 
0-700 C 0-420 C 420-700 C 
12 3.5 1.0 2.0
 
R 2.2 1.Q
 
22.0 21.0 22.5
 
15 10.5 1.0 3.2
 
16 21.3 18.o 22.2
 
17 25.3 25.1 25.6
 
18 30.2 29.0 27.1
 
20 4.4 3.0 5.6 
22 1.2 0.8 1.0
 
26 30 2.0
 
27 4.2 1.9
 
28 27.0 28.7 29.1
 
29 23.0 13.0 21.0
 
30 21.5 6.0 i0.8
 
32 25.8 26.0 26.0
 
37 1.0 1.0 
38 1.5 1.8 
3.2 4.7
 
11.8 8.1 19.0 
41 1.1 0.8 
42 2.3 1.0
 
43 16.0 1.0 4.5
 
4 23.7 17.3 28.9
 
45 17.1 6.2
 
50 4.0 U 
51 6.3 0.8 
69 4.0 3.0 2.5
 
77 10.0 8.0
 
78 6.0 2.0
 
85 3.1 1.8 
93 6.6 4.7
 
105 12.0 17.6
 
Mass numbers and intensities of oxidative degradation products
 
at different stages in the thermogram of polyester film.
 
(Preliminary data taken at comparable pressures of 2.0 x 10- )
 
IV. 	DISCUSSION
 
Thermal analysis of the fluorocarbons indicates that the
 
thermal stability is apparently dependent on the presence or
 
absence of hydrogen in the polymolecules: TFE/ML and Armalon
 
are both Teflon containing compounds on glass fiber (Armalon)
 
or copolymerized with polyimide (TFE/ML). As to be expected,.
 
Armalon indicates a very large residue of SiO2 while thew
 
weight loss of TFE/ML is to completion. Both compounds
 
degrade at much higher temperatures than Mosites, Fluorel,
 
and Kynar which are hydrogen containing fluoro-compounds.
 
It then appears that the presence of C-H in proximity
 
to C-F bonds facilitates formation of HF. HF has a very
 
strong bond ('135 KCal/mole) as compared to C-H and/or C-F
 
and the formation of H-F is apparently favored upon thermal
 
and/or 	oxidative excitation of the polymolecule.
 
The GC-MS data indicate that the major decomposition
 
produc are C2 in all polyfluorocarbons, while the hydrogen­ts 

containing compounds Kynar, Fluorel, and Mosites show a
 
major peak of HF, indirectly determined as SiF 4 (GC retention
 
time range of about 9-10 min).
 
On the other hand, Armalon and TFE/ML show a fairly
 
large GC peak around 1.6-1.7 min which at this time hap
 
been tentatively identified as F2"
 
It is remarkable that even in 100% oxygen at 14.7 psi,
 
significant fractions of the reaction products are composed
 
of higher fragments of fluoro-hydrocarbons.
 
As the partial oxygen pressure during thermal analysis
 
decreases (Figures 9 &.10), two peaks become apparent
 
indicating that the oxidative degradation mechanism is
 
different from the normal degradation mechanism:
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(a) Thermal "Unzipping":
 
-C-S N- C C C + C 
PFF-F FF FF F-k 
fl mk 
F F F F 
I I I I 
n C C, C= C
 
I I I I 
F FF F 
(b) Oxidative Degradation:
 
F n0-0"
 
0* F 
o F +x102C + *OC F' 

3C2 + x4 CF4 etc 
-0 F + x 2 CXF2 
F F m 
The thermoplastics with no nitrogen also show different
 
ranges of thermal stability;' Delrin is rather unstable and
 
degrades at relatively low temperatures. Its major decom­
position product is formaldehyde even in 100% oxygen at 14.7 psi,
 
while smaller amounts evolved are C021 C0, H20 and higher
 
oxidated and unoxidated fragments. It is obvious that the
 
primary degradation mechanism is apparently an "unzipping" of
 
the polymolecule to monomeric formaldehyde species, and the
 
presence of oxygen does not influence significantly the
 
mechanism as is seen from Figure 11, where the range of
 
b.L 
thermal degradation is hardly changed in the three different
 
atmospheres.
 
On the other hand, Mylar and more so Lexan produce very
 
large amounts of CO2 and H20 with only minor fractions of
 
partially oxidized fragments. On the basis of the results in
 
this group we may tentatively conclude that the polymers
 
apparently generate less toxic species the more thermally
 
stable the materials are in oxygen.
 
Figure 12 indicates, however, that at least portions
 
of the polymer Mylar are subject to different degradation
 
mechanisms depending on the availability of oxygen.
 
A generalization of relationship between toxicity and
 
thermal stability is to be treated with caution, since forma­
tion of stable compounds such as HF, as discussed above in poly­
fluorqbarbonsand HCN, in all nitrogen-containing thermo­
plastics, is evident even in 100% oxygen (e.g. Tables V and XVI).
 
Again, the major reaction products are CO2 and water
 
if the polymer degrades at higher temperatures (PBI, PI-2501
 
and Kaptan H-Film). Less CO2 is formed of the polymers which
 
degrade at fairly low temperatures. These latter polymers
 
degrade also to various partially oxidized or unoxidized
 
fragments which are hardly evident in the more stable PBI and
 
PI-2501 polymers.
 
Unfortunately, the presence of nitrogen in this group
 
of polymers leads to the formation of significant amounts
 
of NO, HCN, and cyanogen which are very toxic. Again, the
 
reason for the formation of HCN is to be found in the strong
 
bond between the carbon and the nitrogen of the cyanide group.
 
A dependence of thermal stability on oxygen availability
 
is again apparent, for example, in Eccofoam (Figure 13) and
 
Zytel (Figure 14). Eccofoam is interesting in that an
 
intermediate stabilization seems to occur in 100% oxygen at
 
14.7 psi pressure. This is indicated by the fact that the
 
tga curve in the range around 4000C is above the two other
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curves (less intermediate weight loss).
 
The thermosetting compounds leave fairly large residues
 
(except for Durafilm,). Their thermal stability is roughly
 
comparable and of intermediate value. The Stycast all seem to
 
contain small amounts of nitrogen as indicated byNO, HCN and
 
other nitrogen-containing reaction products, though they
 
are epoxy resins of different compositions:
 
0 \ H OH
 
iCH3
 
Again CO2 and H20 are the pred6minent reaction products
 
with partially or unoxidized fragments in smaller amounts.
 
The mass spectrometric data of Diall shows CO2 and H20 as
 
the major oxidation products with small amounts of partially and
 
unoxidized fragments. Durafilm also apparently contains'
 
nitrogen as is evidenced by a relatively l&rge production of HCN
 
and some organic nitriles.
 
The representative curves for Stycast-2651 Cat. 9
 
(Figure 15) and Durafilm (Figure 16) again show a dependence
 
of portions of the degradation on the partial oxygen pressure.
 
The silicones, as the last group, leave various amounts
 
of residues much of which are probably SiO Unfortunately,
 
little information could be obtained from the manufacturers
 
on their composition, and the analytical results are difficult
 
to interprete in terms of degradation mechanisms. Though Co2
 
and H2 are the major oxidation products, volatiles such as
 
(CH3 )3 SiF and similar silicone containing compounds, HCNj
 
C0O, as well as partially or unoxidized fragments are present
 
in the off-gases during oxidation in 100% oxkgen.
 
The thermal stability depends also on the oxygen availabi­
lity (Figures 17 & 18).
 
Finally, Table XXIX clearly indicates that some mass
 
numbers are absent in the off-gasses of the low temperature
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peak of the thermogram for polyester film, but appear at the
 
higher peak. This is evidence that the overall mechanism is
 
rather complex, and makes it advisable to study a few represen­
tative samples in more detail with combined thermal analyses
 
and GC-MS experiments.
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V. CONCLUSIONS
 
Though a complete interpretation is still lacking, a
 
few conclusions emerge from our discussion:
 
1. Provided that halogens and/or nitrogen 
are absent in the
 
polymers, the generation of toxic products appear to be related
 
to thermal stability, i.e. the more stable a compound the
 
more complete are the oxidation products (CO2, H 20) formed in 100%
 
oxygen at 14.7 psi.
 
2. This correlation does not apply if halogens and/or
 
nitrogen are present. In these cases, highly toxic gases
 
such as HF, COF2 HCN5 NO are formed due to the tendency of
 
strong bond formation. For examplethe presence of QH.and
 
CF groups lead to the formation of the steonger HF bond.
 
3. Decreasing oxygen availability, however5 shifts the
 
thermal stability to higher temperatures, but will also increase
 
the potential generation of toxic gases due to partial
 
and/or incomplete oxidation (formation of CO etc.),.
 
4. A preliminary study of the relationship between
 
thermal degradation and mass numbers indicates that analysis
 
of the volatiles as a function of position in the thermogram
 
is a promising approach to a mechanistic interpretation of the
 
oxidative thermal degradation of polymers.
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